Abstract. The use of amikacin (AMK) in present treatment strategies results in severe ototoxicity; however, the underlying molecular mechanisms of this toxicity remain unclear. In this study, we investigated the effectiveness of orally administered pomegranate peel extract (PPE), a strong antioxidant, as a protective agent against AMK-induced ototoxicity. To this end, PPE was orally administered to adult BALB/c mice for 5 days, and the mice were then concurrently treated with AMK (500 mg/kg/ day for 15 consecutive days). Auditory threshold shifts induced by AMK were significantly attenuated. The results of immunohistochemical staining and western blot analysis revealed that PPE exerted its protective effects by by downregulating the phosphorylation of Forkhead box O3a (FoxO3a), an important transcription factor which is involved in the responses to oxidative stress. The results also showed that PPE treatment inhibited mitogen-activated protein kinase phosphorylation, prevented the activation of pro-apoptotic protein caspase-3, decreased the levels of apoptosis-inducing Bax protein, and increased the levels of the anti-apoptotic mediator, Bcl-2, induced by AMK in the mouse cochlea. Taken together, our experimental findings suggest that phosphorylated FoxO3a mediates AMK-induced apoptosis in BALB/c mice cochlea. PPE effectively attenuated oxidative stress and ototoxicity by regulating FoxO3a, and may thus prove to be beneficial in protecting auditory cells from ototoxic drugs.
Introduction
Amikacin (AMK) is one of the aminoglycoside antibiotics most often used for the treatment of severe, hospital-acquired infections due to multidrug resistant Gram-negative bacteria (1) . The common side-effect of AMK is ototoxicity, which results in hearing loss or deafness (2, 3) . Aminoglycosides induce the generation of reactive oxygen species (ROS) and impair redox homeostasis in the inner ear (4) . It has previously been demonstrated that AMK-induced ototoxicity is most likely caused by the production and accumulation of ROS, which damage the hair cells of the basilar membrane in cochlea (5) .
Punica granatum L., often referred to as the pomegranate, is an edible fruit that is widely cultivated in a number of countries (6) . The antioxidant effects of pomegranate peel extract (PPE) have been studied on the removal of ROS, and have been shown to inhibit lipid peroxidation in vivo (7) . The antioxidant status of the cochlea has emerged as an important factor in the death or survival of hair cells with respect to 3 primary contributors that induce hearing loss: noise trauma, drugs (aminoglycoside antibiotics and cisplatin) and the aging process (8) (9) (10) . A previous study indicated that oral PPE decreases the levels of ROS, as well as acute inflammation in the tympanic membrane following myringotomy (11) . Moreover, the oral administration of PPE in rats has been shown to reduce cisplatin-induced toxicity in the cochlea; therefore, an oral experimental dose of PPE may have a powerful effect in protecting cisplatin-induced ototoxicity in rats (12) . However, the molecular mechanisms underlying PPE-induced protection from ototoxic drugs are not yet fully understood.
Forkhead box proteins O (FoxO) are a subclass of the forkhead family of transcription factors, and have been linked to the regulation of oxidative stress and cellular apoptosis (13) . Mammalian FoxOs consist of 4 homologous genes: FoxO1, FoxO3a, FoxO4 and FoxO6, all of which regulate various cellular functions, such as proliferation, differentiation and longevity in diverse cell types (14) . ROS induce FoxO3a phosphorylation via the mitogen-activated protein kinase (MAPK) pathway, and suppress the expression of antioxidant genes, including p21, p27 and Bim, ultimately inducing cell death (15) . Activated JNK is responsible for the nuclear translocation and transcriptional activity of FoxO3a (16) . More importantly, FoxO3-KO mice display mild high-frequency hearing loss compared to wild-type mice (17) .
In this study, we evaluated the protective effects of PPE on AMK-induced ototoxicity and the potential underlying mechanisms in vivo. We hypothesized that PPE may attenuate hearing loss and hair cell damage in response to AMK, and that these protective effects may mediated via the regulation of MAPK/ FoxO3a signaling. Animal experiments. The experimental mice were divided into 4 groups (n=20 ears in each group): i) the control group received physiological saline (100 µl/day) via gavage; ii) the AMK group intraperitoneally received AMK intramuscular injection at 500 mg/kg/day for 15 consecutive days, as previously described (18) ; iii) the PPE plus AMK group not only received hypodermic injection for AMK at 500 mg/kg/day for 15 consecutive days, but also PPE (34 mg/kg, 100 µl/day) via gavage for 5 days prior to AMK injection and for 15 days concomitantly with AMK injections; and iv) the PPE group received PPE via gavage for 20 days.
FoxO3a plays a key

Measurement of hearing function.
For the analysis of the auditory threshold, the auditory brainstem response (ABR) was recorded 1 day before and 15 days after AMK treatment with tone bursts of 8, 12, 24 and 32 kHz (1-msec rise/fall time, 2-msec plateau) using the Smart EP and OAE auditory evoked potential recording system (Intelligent Hearing Systems Co., Miami, FL, USA). The mice were anesthetized using pentobarbital sodium (40 mg/kg) and kept warm with a heating pad during ABR recording. A subdermal (active) needle electrode was inserted at the vertex, while ground and reference electrodes were inserted subdermally in the loose skin beneath the pinnae of opposite ears. The technique used to record ABRs has been previously described in detail (19) . The ABR waveforms were averaged over a 10-msec time window using the Smart EP and OAE auditory evoked potential recording system software. The sound intensity was varied at 5 dB intervals near the hearing threshold. The differences in ABR thresholds shift for each frequency between the starting and the terminal points of the experimental time course were noted. The threshold was determined off-line by two independent, experimentally blinded observers on the basis of the ABR records. Briefly, thresholds were recorded using the Smart EP and OAE auditory evoked potential recording system. In addition, the mice were euthanized and double cochleas were removed for further analysis.
Sensory hair cell counting. After the ABR test, the temporal bones were harvested. Each bulla was opened using rongeurs to expose the cochlea. The oval and round windows were then opened. Following the creation of a hole in the cochlea apex, 4% paraformaldehyde was perfused through the cochlea for at least 24 h. The cochlea was decalcified in 4% EDTA for 7 days at 4˚C. Subsequently, the basilar membrane was dissected under a dissecting microscope, and the stria vascularis and tectorial membrane were removed. To identify F-actin in the organ of Corti, tetramethyl rhodamine isothiocyanate (TRITC) (Sigma-Aldrich) was applied for 20 min at room temperature and protected from light. The specimens were then rinsed 3 times with 0.01 M phosphate-buffered saline (PBS) (pH 7.4). Fluorescence signals from the hair cells were counted under a BX41 microscope with epifluorescence (Olympus, Tokyo, Japan), and the images were obtained with TCS-SP5Ⅱ laserscanning confocal microscope (Leica Biosystems, Wetzlar, Germany). Three rows of the outer hair cells (OHCs) were counted from the apex through the basilar turn of the cochlea under x200 magnification in 20 consecutive fields.
Immunohistofluorescence and immunohistochemical analysis.
Tissue sections were incubated with rabbit anti-4-HNE antibody (1:200 dilution; Abcam), followed by appropriate fluorescent-secondary antibody for 1 h at room temperature. After the samples were counterstained with DAPI, immunohistofluorescence images were obtained via confocal microscopy (TCS-SP5Ⅱ; Leica Biosystems). Immunofluorescence analysis was performed as previously described (19) . After preparation and blocking, the sections were incubated with rabbit antiphospho-FoxO3a antibody (1:200 dilution; Abcam) overnight at 4˚C, and rinsed with TBS plus Tween-20 (TBST). The sections were incubated with biotinylated goat anti-rabbit Boost Detection reagent (Cell Signaling Technology, Inc.) for 30 min at room temperature, and rinsed with TBST. The chromogen reaction was performed with DAB (Cell Signaling Technology, Inc.) at room temperature, and rinsed with distilled water to terminate the reaction. The sections were observed by using Nikon microscope digital camera software (Nikon, Tokyo, Japan).
Measurement of malondialdehyde (MDA), catalase (CAT)
and superoxide dismutase (SOD) activities. Cochlea tissue was homogenized in 0.01 M cold phosphate buffer (pH 7.4) using a homogenizer. The homogenate was centrifuged at 1,500 x g for 10 min. Tissue supernatant was collected and measured for oxidative stress using the MDA assay kit [2-thiobarbituric acid (TBA) method]. SOD and CAT activities were assessed using the SOD and CAT assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China), according to the manufacturer's instructions. . PPE alone had no effect on the ABR threshold shifts ( Fig. 1; P<0 .05). To further determine the in vivo protective effects of PPE against AMK, we performed TRITC staining of stereociliary bundles of hair cells and sensory hair cell counting in the 4 experimental groups. The results revealed that in the control group or PPE group alone, the morphology of the OHCs appeared normal in the lower basal turn of the cochlea. In the AMK group, OHCs had more apparent morphological changes or disorganization of stereocilia than the control group, whereas many of the OHCs in the AMK plus PPE group survived AMK insult ( Fig. 2A) . In addition, quantitative hair cell counting revealed that the amount of OHC loss was approximately 28% compared to that of approximately 58% in the AMK group without PPE ( Fig. 2B ; P<0.05).
PPE alleviates oxidative stress in mice with AMK-induced ototoxicity.
AMK signifincantly increased the staining for 4-HNE in the organ of Corti, spiral ganglion and stria vascularis of the mouse cochleae. However, the production of 4-HNE was inhibited in the mice treated with AMK plus PPE. However, PPE alone had no effect on the expression of 4-HNE in the mouse cochleae, as indicated by immunohistochemical analysis (Fig. 3A) . We also observed that the AMK-treated mice had lower protein levels of CAT and SOD (the potent superoxide scavenging enzymes), and higher protein levels of MDA (a marker for oxidative stress) compared with the control mice. However, PPE administration prevented the increase in oxidative stress-related markers in the cochleae of mice treated with AMK ( Fig. 3B-D ; P<0.05).
PPE inhibits the AMK-induced phosphorylation of FoxO3a in mouse cochleae.
Immunofluorescence staining revealed a significantly increased phosphorylation of FoxO3a in the organ of Corti, spiral ganglion and stria vascularis of the cochleae of mice treated with AMK, which was prevented to a significant degree in mice treated with AMK plus PPE ( Fig. 4A and B) . Similarly, the results of western blot analysis also revealed that the phosphorylation of FoxO3a in the cochleae of mice treated with AMK was increased; however PPE treatment inhibited the AMK induced the phosphorylation of FoxO3 proteins ( Fig. 4C and D; P<0.05, n=3).
PPE inhibits the activation of MAPK in cochleae of mice treated with AMK.
The results of western blot analysis revealed the activated phosphorylation of ERK 1/2 (Thr202/Tyr204), phospho-JNK (Thr183/Tyr185) and phospho-p38 MAPK (Thr180/Tyr182), and the upregulated protein expression of JNK in the cochleae of mice treated with AMK. Of note, all these effects were inhibited in the mice treated with AMK plus PPE ( Fig. 5; P<0.05, n=3) . .05, the AMK group vs. the control group; # P<0.05, the AMK plus PPE group vs. the AMK group, n=20 ears for each group).
PPE attenuates the expression of apoptotic family proteins in the cochleae of mice treated with AMK.
The results of western blot analysis revealed that the protein expression of Bcl-2 was degraded, while the expression of Bax and cleaved caspase-3 was upregulated in the cochleae of mice in the AMK group. However, PPE inhibited the degradation of Bcl-2 and prevented the activation of caspase-3 in the cochleae of mice treated with AMK plus PPE ( Fig. 6; P<0.05, n=3 ).
Discussion
Hair cell loss and the activation of oxidative stress may play crucial roles in the development and progression of aminoglycoside-induced ototoxicity (20) . In this study, we confirmed that PPE, a crude food antioxidant, exerted protective effects against AMK-induced oxidative stress and hearing loss. In addition, the expression of phosphorylated FoxO3a was distinctly visible in the AMK has been shown to significantly enhance the ABR threshold shifts in guinea pigs (21) . Similarly, in this study, we found that AMK-induced hearing injury in mice followed by the common characteristics of aminoglycoside ototoxicity, and more severe damage was caused at a higher frequency. A clinical study reported that the hearing thresholds of 53 hospitalized patients administered aminoglycosides were monitored at serial conventional (0.25-8 kHz) and high-frequency (9-20 kHz) sound stimuli. The results revealed that hearing loss occurred in 47% of the ears studied, with hearing loss first appearing in the high-frequency range in 71% of ears showing change (22) . Another clinical study also showed that uremic patients with continuous ambulatory peritoneal dialysis (CAPD) peritonitis who received AMK treatment, had hearing loss, particularly at higher frequencies (2) . In addition, in our study, we found hair cell deficiency from AMK ototoxicity in the lower basal turn of cochlear cells. These results also confirmed that high frequency hearing loss was mainly affected by hair cell loss at the base of the cochlea. We also found that following concurrent administration with AMK plus PPE, the ABR threshold shifts significantly decreased at 16, 24 and 32 kHz compared with AMK, demonstrating that PPE effectively protected the mice from AMK-induced hearing injury. In addition, PPE alone had no effect on ABR threshold shifts in mice, indicating that PPE is safe and non-toxic; thus, PPE may effectively protect from aminoglycoside-induced ototoxicity.
Oxidative stress plays an important role in the pathogenesis of drug-induced ototoxicity. 4-HNE, an aldehydic product of lipid peroxidation, has been implicated in the etiology of pathological changes under oxidative stress as a key mediator of oxidative stress induced cell death (23) . We observed that AMK augmented 4-HNE immunostaining in the cochlea. Furthermore, we assessed MDA, a product of lipid peroxidation, as well as two antioxidant enzymes, SOD and CAT, which are considered as biomarkers of oxidative damage (24) . Our results indicated that AMK-induced ototoxicity was closely associated with elevated MDA levels, and decreased SOD and CAT levels in cochlea. However, PPE treatment reversed the expression of AMK-induced these enzymes in the cochlea. PPE reduced ROS production to block the oxidative stress, and acted as a potential guardian against aminoglycoside ototoxicity. These results suggested that the antioxidant PPE attenuated oxidative stress, which may have beneficial therapeutic effects in the course of AMK-induced ototoxicity.
FoxO3a has recently been widely investigated as a transcription factor that is involved in regulation of the stress response, apoptosis and autophagy (25) . The efficiency of FoxO3a is primarily regulated by phosphorylation. Several kinases, such as protein kinase B (Akt) and MAPK, directly phosphorylate FoxO3a. Phosphorylated FoxO3a combines with the 14-3-3 nuclear export protein and remains in the cytoplasm in cells (26) . FoxO3a also plays a key role in ROS production (27) and regulation of FoxO3a by MAPK signaling in response to oxidative stress (28) . In addition, FoxO3a mediates activation of antioxidant genes, such as SOD and CAT (29) . A recent study showed that saponins activated FoxO3a, and nuclear factor-erythroid 2-related factor 2 (Nrf2) increased the expression and function of multiple antioxidants, at least partly contributing to the protection of D-galactose-induced aging in rats (30) . In this study, we observed that AMK ototoxicity enhanced the phosphorylation of FoxO3a, and inhibited the nuclear translocation of FoxO3a in the cochlea. Our results also demonstrated that PPE inhibited the high expression of phosphorylated FoxO3a induced by AMK, which may exert beneficial effects in AMK-induced auditory insults. It has been previously reported that MAPK pathway is activated by aminoglycosides induced in rodent models, and his pathway is at least partially responsible for hair cell apoptosis (31) . This may be one of the reasons that antioxidant and free radical scavengers prevent hair cell damage via MAPK dependent pathway on cochlea (32) . Our group previously showed that α-lipoic acid effectively attenuated kanamycin-induced hair cell toxicity, and was involved in MAPK activation and apoptosis in mouse hair cells (19) . The present study suggested that PPE attenuates oxidative stress and ototoxicity by regulating MAPK/FoxO3a signaling, and the contribution of FoxO3a to the molecular mechanisms associated with AMK-induced hearing loss is a key area for future studies.
Recent studies have shown that the overexpression of Bcl-xL prevented gentamicin-induced hair cell apoptosis on the cochlea in mice (33, 34) . In this study, we demonstrated that PPE elevated the ratio of Bcl-2/Bax iin mice cochleae, and inhibition of cleaved caspase-3 activation led to hair cell apoptosis when treated with AMK. These results suggest that PPE may contribute to alleviated hair cell apoptosis induced by AMK.
In conclusion, our in vivo data demonstrated that PPE prevented AMK-induced ototoxicity by regulating the MAPK/ FoxO3a signaling pathway in the cochlea. Targeting FoxO3a in the cochlea may thus prove be an effective therapeutic option in drug-induced ototoxicity.
